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ABSTRACT

ALLOCATION OF STOCKSIN A MULTI-ECHELON
SPARE PARTS DISTRIBUTION SYSTEM

Girgin, Nil
Industrial Engineering Program

Supervisor: Assist. Prof. Barig Selguk

January, 2011, 74 pages

This master thesis is motivated from real life spare parts inventory control systemsin
which different manageria control approaches are utilized. It is a common practice
in multi-echelon inventory systems that the stocks are controlled as adaptation of
single echelon models for various reasons such as; ease of organizational control,
performance monitoring and also interdepartmental conflicts. Therefore, athough
centralized control has been proved to be efficient from a theoretical perspective,
decentralized control is still preferable especially in multi-echelon systems. This
study will provide a guideline on how to design a decentralized system as compared
to the centralized system. In this study a two-echelon multi-item spare parts
inventory control system is considered. Because of the nature of spare parts,
inventory is controlled on an (s-1,5) basis with continuous review. For both
centralized and decentralized models a greedy algorithm procedure is suggested in
order to get results that originated from managerial differences out in the open.

Key Words: Multi-echelon system, Inventory control, Spare parts, METRIC
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OZET

COK BASAMAKLI YEDEK PARCA DAGITIM SISTEMLERINDE
STOK TAHSISI

Girgin, Nil
Endiistri Miihendisligi Programi1

Tez Danigmani: Yrd. Dog. Dr. Barig Selguk

Ocak, 2011, 74 sayfa

Bu ylksek lisans tezi guinumiizde farkli yonetimsel kontrol yaklagimlart uygulamakta
olan yedek parca envanter kontrol sistemlerinden esinlenerek hazirlanmistir.
Giliniimiizde c¢ok basamakli envanter sistemleri yaygin olarak cesitli sebeplerden
otiirii tek basamakli envanter modellerini uygulamaktadir. Tek basamakli envanter
modelleri kurumlara organizasyonel kontrolde ve performans denetimlerinde
kolaylik saglamaktadir. Bu modellerin tercih sebeplerinde yasanilan departmanlar
arasi fikir uyusmazliklarin roli biyiiktiir. Teorik olarak merkezlestirilmis yonetimin
daha etkin oldugu kanitlanmasina ragmen, merkezi olmayan yonetim bicimi ¢zellikle
cok basamakli envanter sistemlerinde halen tercih edilmektedir. Bu ¢alisma merkezi
bir sisteme gore merkezi olmayan bir sistemin nasil tasarlanacagi konusunda genel
bilgi saglayacaktir. Calismada iki basamakli ve ¢oklu Urlin igeren yedek parca
kontrol sistemi ele alinmistir. Yedek parcalarin dogasi geregi sistemde surekli
gbzlem ile (s-1,s) kontrol yonteminin kullanilmasi diisliniilmiistiir. Merkezi ve
merkezi olmayan modeller i¢in, yonetimsel farkliliklardan dogan sonuglar
gorebilmek adina algoritmalar onerilmistir.

Anahtar Sozcikler: Cok basamakli sistemler, Envanter kontrolii, Yedek parca,
METRIC
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1. INTRODUCTION

In various equipment intensive industries such as military services, railway and aircraft
manufacturing, information and communication systems, spare parts inventory
management has crucial importance for uninterrupted continuation of operations.
Therefore, service providers try to achieve fast and reliable supply of spare parts. Some

main goals of spare parts inventory management of a service provider are:

e Reducing inventory investment,

e Retaining current customers and gaining new customers,

e Maintaining operational availability of machines and equipments in order to
reduce down-time of machines, which can be very costly,

e Providing competitive advantage to the company in market,

e Avoiding waste and redundant stock holding, which cause high inventory

holding cost.

Because of these important aspects, there is a developed body of research for spare parts
inventory management. When a manufacturer produces and sells a machine or product,
after sales service must be provided to geographically dispersed customers in order to
obtain reliability, customer loyalty and high service quality. These can be said as the
key factors of successful business. In order to achieve high service levels for customers
and sustain that level, response time to the costumer which is defined as the time takes
to meet a requested item, has a critica role in inventory management. Since these
customers are usually scattered over a large geographical area, many companies use an
extensive distribution network of inventory locations in order to guarantee a short

response time and a high service level.

In order to establish a common understanding in spare parts, a definition must be made.
A spare part refers to the part requirements for keeping the equipment in healthy
operating condition in case of a breakdown. Healthy and smooth operating condition of



equipments can be sustained with preventive and predictive maintenance by meeting

repair and replacement.

In Figure 1.1 atypical two-echelon spare parts resupply network is given. Demands for
spare parts arise due to the failure of some equipment that is operated by customer. To
repair that equipment, customer clams a spare part from the nearest LW (local
warehouse) which is responsible for resupplying him. That LW where the part is
ordered, supplies that part from its stock if it isavailable. If not, according to company’s
inventory structure claimed part can be obtained in different ways. For example, the part
can be backlogged at LW and wait for normal replenishment from CW or emergency
shipments can be done, such as; direct delivery from CW (central warehouse) and EXS
(external supplier) or lateral transshipments from other LWs. As it is seen there are
many ways to manage service parts resupply network. While making management
decisions in inventory control, characteristics of products and resupply network are
highly important issues as well as service targets and business politics of the company.

External Supplier
or
Plant

Central Warehouse

Local

Local Warehouse, 2

Warehouse, 1

E @
Customer Customer {E.‘-u:-xtom—) (Cuslomet-)

Customer Custormear Customer

Figurel.1: Typical two-echelon service partsresupply network




In addition to resupply network and geographical importance of after sales spare part
providers another major issue is allocating stocks of each item to each location, which
directly effects customer response times. Decisions concerning what parts to stock at
what locations are significantly important to the providers of the spare parts and
customers. Therefore while making stock keeping decisions; nature of spare parts must
be taken into considerations. As Sherbrooke (1968, p.122), Alfredsson and Verrijdt
(1999, p.1416) and many others said spare parts typically have high cost and low

demand rates.

Low usage and expensive items often present in inventory systems with a sizable
fraction of total inventory investment up to 70 — 80 percent (Kukrgja et al., 2001,
p.1371). Given the nature of spare parts, the goal is to answer how much does a spare
part provider or inventory manager need of each part to meet his company’s service

quality and profitability goals.

In this study, two-echelon inventory system is analyzed and optimal stock levels of
spare parts are determined by employing two different mathematical approaches.
Firstly; METRIC (Multi-Echelon Technique for Recoverable Item Control) model
(Sherbrooke, 1968) in which total expected backorders of LWs are minimized subject
to a budget constraint will be applied to a real life company data and to a random data
set. The METRIC model is solved by the greedy agorithm, as also presented by
Sherbrooke (1968), in a centralized way.



Greedy algorithm solution of METRIC will be focused on centralized and decentralized
inventory management perspectives. In practice, the most frequent inventory
management style is decentralized management style because of the simplicity of
managerial authority, organizational control and performance monitoring. In addition to
preference reasons of this managerial choice the conflicts of intercorporate relations can
be said. These conflicts are originating from self-interest and ambition of managers
most of the time. Both CW’s and LWS' managers prefer to control their inventories as if
they are independent departments. These choices lead to set individual service targets
and business goals. As a consequence of separate decision making, excessive amount of
inventory investments are used.

Greedy algorithm solution will compare both management styles and provide wide
point of view about centralized and decentralized inventory management systems. In
addition to METRIC model aforementioned two-echelon spare parts system will be
examined by alowing emergency shipments in case of stock outs in LWSs subject to a
service level constraint. While determining optimal stock levels, model that is subject
to evaluation is minimizing total inventory costs subject to average expected waiting
time of customers as a service level constraint. Then again a greedy agorithm solution
will be applied to the model in order to seek advantages and disadvantages of
centralized and decentralized inventory management perspectives.

The main goa of the study is to implement basic inventory control models with
different managerial perspectives and to represent strengths and weaknesses of these

management choices.

Because of the characteristic of spare parts, in both mathematical models that are used
in this study continuous review (s-1,5) replenishment policy (base stock policy) is
adopted. This inventory control policy is very common in practice because of the high
price and low demand nature of service parts. Same redl life industry and random data
setswill be used in both models.
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In the remaining sections; firstly relevant research in literature will be reviewed briefly
according to research topics, which is followed by model descriptions and results

sections. Finally conclusions will be made.



2. LITERATURE REVIEW

The literature on multi-echelon inventory systems for service parts covers over 40 years
of research. Sherbrooke's (1968) Multi-Echelon Technique for Recoverable Item
Control, shortly METRIC model, is generally accepted as the initiative model for
service parts. METRIC model will be given in details in the subsequent sections
because this study is mainly based on this model. Sherbrooke (1968) developed
METRIC Modé for US Air Force, which has alarge class of repairable items. METRIC
is a mathematical model of a base-depot system which determines optimal stock levels
of warehouses that minimize expected backorders at the base level subject to a budget
constraint. Model employs (s-1,s) inventory control policy with continuous review
system in a two-echelon multi-item system where demand that occurs in bases is
distributed by Poisson distribution. METRIC can also be operated as a single echelon
inventory model. Sherbrooke's (1968) METRIC model that motivated many inventory
theoriesin literature will be explained in detail in the following Section 3.5.1.

Following METRIC; Muckstadt (1973) presents a mathematical model for the control
of amulti-item, multi-echelon, multi-indenture system in repairable items, called MOD-
METRIC. As Rustenburg et al. (2001, p.179) states Muckstadt (1973) is the first to
recognize the importance of the product structure with respect to the recoverable item
control. The objective of MOD-METRIC mode is to describe the logistics relationships
between an assembly and its subassemblies and to compute spare parts stock levels for
both echelons and for assembly and subassemblies. MOD-METRIC is an extension of
METRIC model that permits the explicit consideration of a hierarchical parts structure.
While MOD-METRIC deds with modularly designed items, which have different
modules with different criticality, METRIC assumes items with single-indenture and
same essentiality. Although both models shares same general assumptions, they

differentiate in indenture structures of items.

Another version of METRIC is improved by Slay (1980) and called VARI-METRIC

model, which deals with multi-item, multi-echelon and single-indenture. Then an



extension of VARI-METRIC is presented by Graves (1985). He analyzes a two-echelon
spare parts inventory system with a continuous review (s-1,s) policy which consists of a
repair depot and multi operating sites. Exact and approximation methods in setting
steady-state inventory levels in the base and depots are presented in Slay’s (1980)
research. His model assumes that the failures are generated by a compound Poisson
process same as Sherbrooke (1968), and shipment time from the repair depot to each
operating sites is deterministic, unlike Sherbrooke (1968). Graves(1985) concludes that
METRIC results in awrong decision in 11.5 percent of the cases that he examined and
in al of the cases METRIC approximation recommends less stock than it is actually
required.

Sherbrooke (1986) uses Graves's (1985) approximation to improve Muckstadt’s (1973)
MOD-METRIC model. He suggests a two-indenture, two-echelon version of VARI-
METRIC. Results that have been shown by his approach are fairly accurate than
METRIC. He concludes that VARI-METRIC model that has been improved by Graves
(1985) is more accurate than METRIC because while METRIC uses mean values only,
VARI-METRIC uses variances as well. VARI-METRIC model, which both Graves
(1985) and Sherbrooke (1986) have suggested, differentiates from METRIC model with
multi-indenture approach, use of negative binomia distributions in steady state
probabilities and utilizing variances together with mean values.

VARI-METRIC models are implemented in highly technology-driven environments by
Rustenburg et a. (2001). They explore applicability of VARI-METRIC models in
highly technology-driven environments such as Roya Netherlands Navy, RNLN. As
Sherbrooke (1968) initiated spare parts management policies at US Air Force, they
aimed to guarantee a sufficiently high availability of ships and technical systems in
Roya Netherlands Navy while at the same time reducing inventory investment. They
guestion applicability of VARI-METRIC (Slay, 1980; Graves, 1985; Sherbrooke, 1986)
model and identify shortcomings of these VARI-METRIC models and also suggest
solutions to overcome these shortcomings. They show that VARI-METRIC model has
explicit advantages compared to the traditional item-approach which are currently in use

at many organizations.



By using VARI-METRIC, low service levels of expensive products are compensating
by high service levels of cheaper products which enables to achieve close-to-optimal
availability. Also, they conclude that further research should include commonality,

redundancy and condemnation issues which are critical in such environments.

As said before, METRIC model motivated many researchers into extensions of different
supply aternatives in multi-echelon inventory systems. Muckstadt and Thomas (1980)
was one of them who extended METRIC model with direct deliveries from the CW or
EXSin case of stock outs at LWs. They assume whenever any LW is out of stock and a
demand occurs, an emergency order is placed. They use two types of emergency orders
which are direct shipments from CW and an EXS or plant; however, they do not alow
lateral transshipments between LWSs. Their objective is to alocate an inventory
investment so as to minimize expected time to satisfy customer demand. They
formulated two modes; Item Decomposition (multi-echelon model) and Leve
Decomposition (single-echelon model) and compared them by minimizing inventory
investment subject to demand-weighted fill rate constraints at the CW and at all LWSs.
These two models are solved by Lagrangian procedure with actual industrial data. They
concluded that considerable savings can be obtained if an optima multi-echelon model
is used rather than a single-echelon one. Their model is much aike with one of the
models in this study which is given in the section 3.5.2. With the same purpose, this
study will focus on exploring centralized and decentralized managerial approach in
multi-echelon inventory systems in addition to optimally setting stock levels. They
named decentralized management approach as Level Decomposition where spare part
providers act as an individual department as if in a single-echelon inventory system.
Same approach will be used in this paper by applying both normal replenishment and
direct delivery supplying options.

A single-echelon, single-item model, which analyzes optimal stock settings with normal

replenishment orders, emergency repair orders and expediting of outstanding orders, is

studied by Dhakar et al. (1994). They focus on high cost, low demand and critical

repairable spare parts. Large share of inventory investments in many systems such as

military and process industries consist of these items. Due to their nature, (s-1,9)
8



inventory policy is suitable for these kinds of items. They present single-echelon,
single-item mathematical model and an approach that can be used to find optimal
stocking levels with three replenishment policies; norma replenishment orders,

emergency repair orders and expediting of outstanding orders.

Also Cohen et a. (1986) considers a model of setting base stock levelsin a single-item,
multi-echelon distribution system subject to a single weighted average time-based fill
rate constraint. The objective of the model is to minimize total holding and emergency
shipment costs. Emergency shipments are made to satisfy demand shortages and their
solution procedure solves one echelon a a time with the service level constraint
evaluated once a lowest echelon solution is reached. In this thesis, while questioning
different decision making perspectives of inventory managers, a similar model will be
adopted as Cohen et al. (1986). This study will utilize different parameters and
procedures such as; expected waiting time as a service performance measure, a different
solution procedure, which calculates each echelon at the same time and multi-item
approach unlike Cohen et al.(1986).

A different type of emergency shipment is discussed along with direct deliveries by
many researchers, which are widely caled lateral transshipment. Lateral transshipment
refers to sharing on hand inventory with the locations in the same echelon, like between
LWs. Some of the studies that utilize different performance measures and approaches
are given in the following. Dada (1992) studies on two-echelon system with priority
shipments and adopts two types of priority shipments; direct deliveries from CW and
lateral transshipments. He also assumes if both priority shipments cannot satisfy

demand, any item in transit from the CW to LW can be used to satisfy that demand.
Hausman and Erkip (1994) search the amount of suboptimization, which can occur if
multi-echelon systems are managed as independent single-echelon systems. They
considered low-demand high-cost items with a continuous review (s-1,s) inventory
policy where all LW stock outs are met on an emergency ordering basis. In multi-

echelon inventory management environment, there are two managerial approaches:
1. Independent single-echelon inventory management, in which LWsthat are in the
lowest echelon in the system are responsible for their own stocking policies

9



independent of each other and of the CW. The CW will determine its own
single-echelon inventory policy which may be different form LW’ s performance
objectives.

2. A multi-echelon inventory management in which inventory control decision is
determined by taking interrelationship between the CW and the LWs into
account where the system performance objective is optimized by the application

of the multi-echelon control policy.

Hausman and Erkip explore effects of centralized and decentralized management
procedures by using an improved version of single-echelon model of Muckstadt and
Thomas (1980). They use same industrial data sample of Muckstadt and Thomas had
used. They presents an improved single-echelon model which has approximate multi-
echelon performance, and observed that as the total budget available to the system
decreases, the quality of single-echelon solution relapses. The same purpose of
Hausman and Erkip (1994) has been adopted by this thesis as mentioned before in
Muckstadt and Thomas' (1980) model. In addition to direct deliveries like Hausman and
Erkip, this thesis will examine normal replenishment situation in which none of the

emergency resupply options are allowed.

Moinzadeh and Schmidt (1991) and Verrijdt et a. (1998) both use emergency resupply
models with a threshold stock level. Moinzadeh and Schmidt (1991) investigate the use
of emergency replenishments with a single-echelon model with deterministic lead times.
In their model, when the stock levels, drop below a certain threshold value, and the
remaining lead time for a pipeline order exceeds the lead time for an emergency order,
an emergency replenishment is placed. In order to use information about pipeline, they
assume constant replenishment times. Backordering and lost demand situation are both
modeled by them. They present a technique for setting optimal stock level and threshold
level that minimizes a cost function. Verrijdt et a. (1998) focus on emergency repair
model in order to minimize down time of customer by placing an emergency repair
order, which is fast and expensive. They suggest an emergency trigger level. When the
number of serviceable repair parts is equal or below this emergency trigger level,
demand will be satisfied by emergency repair action. They consider single-echelon
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model with (s-1,s) policy with Poisson process demand. As a performance measure fill
rate and expected backorders are used. They compare their numerical results with
Muckstadt and Thomas (1980) results and they observe significant cost reductions
when using their policy. Also their simulation results show that the distribution of the

repair times has a negligible effect on the service levels.

In order to obtain high service levels at alow cost in inventory system for spare parts, a
two-echelon inventory model with lateral transshipments and direct deliveries is
considered by Alfredsson and Verrijdt (1999). Their model consists of a CW, which is
resupplied by an EXS that has infinite supply and a number of LWs that are supplied by
CW. As an inventory policy one-for-one replenishment and continuous review is
chosen. They showed that the performance of the inventory system is insensitive to the
lead-time distribution, and also they achieved considerable savings by using lateral

transshi pments compared to using only normal resupply.

Lee (1987) study a two-echelon model with one-for-one replenishment in which lateral
transshipments are alowed. LWs are grouped into a number of pooling groups where
each LW in the same group is assumed to be identical. When a demand occurs at a LW
that has no stock on hand, a transshipment order is placed from one of the same group
of LWs. If there is no stock available from the same group of LWSs, demand is
backordered. Lee (1987) compares solutions with simulations and suggests an algorithm
for determining optimal stock in which costs are minimized subject to service level

constraints.
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Axsédter (1990) considered a single product, two-echelon one-for-one replenishment
model in which lateral transshipments are allowed but not emergency shipments. In the
model, demands are assumed to be Poisson distributed and when a demand cannot be
satisfied by a LW’s stock or via lateral shipments from other LW, it is backordered at
the LW. He provides recursive procedure to determine the exact holding and shortage
costs-, but his procedure does not provide any information on the steady-state
distributions. Also he compares his results with Lee's (1987) model with the same
assumption that all the LWs in the same pooling group are identical, he provides better

results.

Pyke (1990) studies repairable items for electronic equipment on military craft with
two-echelon system where lateral transshipments are alowed. He investigates especialy
the priority rules of allocating stocks in LWs and CW. He concludes that improvement
of service performance by latera transshipmentsis marginal when lateral transshipment
times are decreasing, and also maor gain is achieved on the limit when lateral

transshipment times go to zero.

Sherbrooke (1992) presents a simulation study with two-echelon base-depot system for
repairable items using lateral transshipments. Unlike Lee (1987) and Axséter (1990) he
alows delayed lateral transshipments. He assumes that an emergency laterdl
transshipment, is only issued it will arrive sooner than a pipeline unit. He that shows an
average backorder reduction of 30 — 50 percent in only-depot—repairable items is

possible.

Archibald et a. (1997) consider a multi-period, periodic-review model of a two-echelon
inventory system in which transshipments can occur at any time during a period. The
two-depot single-item inventory is formulated as a Markov decision process, and also,

they extend their two-depot multi-item problem with limited storage place.

Kukrgja et a. (2001) study a real life situation that a large electric utility with several
power-generating plants located at different geographic locations. These plants are

operated independently and maintain enough stock to satisfy their own demand. Plants
12



have their own warehousing facilities. Plants usually interact only when there is an
emergency requirement for an item and then that demand met by a latera
transshipment. However, there is no explicit consideration to this interaction while
determining their inventory policies. In order to offer an insight to this kind of situation,
Kukrgja et al. (2001) consider single-echelon multi-location continuous review system
that allows transshipments, and also, a heuristic procedure is developed to determine
cost-effective stocking levels. They showed that setting stock levels explicitly taking
into account of full-pooling (transshipments), total inventory system cost could be
reduced by approximately 70 percent over the company’s decentralized policy. In this
thesis centralized and decentralized policies of companies will be examined. As can be
seen from Kukregja et a. (2001), inventory investment savings can be done by adopting

different emergency supply models.

Sherbrooke (2004) considers al items in the system when making inventory level
decisions. He uses system approach in lateral transshipments in his book. Most of the
books on inventory modeling use item approach to determine stock levels, ignoring the
impact of unit cost, echelon location, and hardware indenture. Because of this approach

large reductions in inventory costs are obtained.

Wong et a. (2006) described a multi-item continuous review model of single-echelon
system for spare parts with lateral transshipments and waiting time constraints.
Objective of their model isto minimize the total costs for inventory holding subject to a
target level for the average waiting time per demanded item at each echelon. Their
solution procedure is based on Lagrangian relaxation that obtains both upper and lower
bounds on the optimal cost. If a LW faces a demand that is out of stock, lateral
transshipment from the other LW is applied. If the other LW has no stock on hand, an
emergency replenishment from the CW is carried out. In their research they aim to
advance the existing literature on multi-item inventory systems with laterd
transshipments.

Kranenburg and Houtum (2009) consider a multi-item, multi-location, single echelon

system where lateral transshipments are allowed with base stock control and aggregate
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mean time waiting constraints. They suggest a special structure within that single-
echelon, which represents a form of partial pooling with no pooling and full pooling.
Inventory pooling is referred to lateral transshipments. In their research partial pooling
is described as “part of the locations has the ability to act as a provider of a latera
transshipment”. In order to determine the provider, they categorized LWSs into two
groups, main locals and regular local, where only main locals are alowed to provide
lateral transshipments. They show partial pooling performs well compared to the full
pooling. Moreover, when only afew LWs are allowed to provide lateral transshipment,

asubstantial part of the full pooling benefits are obtained.

During this study large scale of literature review has been done. Subsequent articles are
not directly related to the research subject and purpose. However in order to look in a
broad perspective into spare part inventory management, they are also included in
literature review. Brief information about different research areas in inventory
management can be found in the following.

Moinzadeh and Lee (1986) consider a single-item stock setting model in multi-echelon
system. They also derive a decision rule to select (s-1,s) policy versus an (r,Q) policy.
(r,Q) policy refers to reorder point “r” and reorder quantity “Q” for the inventory
system. When system is controlled under an (r,Q) policy, an order of fixed quantity Q is
places as soon as on hand inventory level drops to a reorder point r. They develop a

two-parameter approximation to the distribution of backorders when CW follows (r,Q)

policy.

Cohen et a. (1990) analyzed a multi-item, multi-echelon spare part system with
periodic review subject to service level constraints. They develop an optimizer in order
to set inventory policies for IBM. In problem solution they used level decomposition
method for each facility and assumed that infinite resource available in resupply
facilities such as CW or EXS.

Svoronos and Zipkin (1991) consider a multi-echelon system with stochastic

transportation times between locations. They emphasis that system performance is
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sensitive to the transit-time distributions between stockage locations. They approximate
steady-state behavior of the system and show that transportation time variances

significantly affect the system performance.

Cohen et al. (1997) presented a benchmark analysis of technologicaly complex high-
value products that focuses on after-sales service logistics systems. Their study aims to
focus on especially computer industry. The study group, which is gathered from 14
different companies, has added other industries that have particular expertise in
provision on service logistics support. The main purpose of the study is to survey
current industrial practices and trends in service logistics operations, specifically the
control systems utilized by each company, inventory stocking policies, information
systems, communication systems and transport modes. This study searches for the best
practice performance measures and evaluates most commonly used specific data, such
as, a cost, revenues, control policies, etc. and also illustrates the contribution of after-

sales service support function to firm competitiveness in high-technology industries.

Hopp et a. (1999) study two-echelon spare parts inventory system subject to a service
level constraint. In their study, LWs are controlled by continuous review system (s-1,)
policy and they face Poisson customer demand. LWs resupplied by a CW which is
followed by (r,Q) inventory policy. Their study focus on minimize system-wide
inventory holding cost with an effective and easily implementable heuristics while
keeping the average total delay at each location below a threshold level. Their heuristic
decomposed the problem level by level by using Lagrangian relaxation.

Huiskonen (2001) discuss four control characteristics of spare parts: criticality,
specificity, demand pattern and value of parts in terms of their effects on logistics
system elements. Huiskonen’s approach includes two choices; supply chain aspects that
are the boundary-spanning role of the logistics and practitioners purposes that
performed such inventory controlling models. Improvement of the supply manager’s
understanding of control requirements of different types of spare parts is set as a main

goal of the research.
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Minner et al. (2003) focus on manufacturing flexibility on inventory investments in a
distribution network consisting of two-echelon. They consider single product and two-
echelon model consisting of a CW and multiple LWs with periodic review (s-1,9)
policy. Manufacturing flexibility is batten on by planners while they are trying to reduce
throughput time of a particular production order by giving this order priority at
bottleneck work stations. Rescheduling of orders may lead to delay of other orders
unless some excess capacity is available in order to prevent delay. Amount of excess
capacity can be determined by the frequency of rescheduling, which is one of the
measures of the manufacturing flexibility. They consider two problem formulations to
investigate the trade-off between costs of manufacturing flexibility and costs of holding
inventory. They examine cost for speeding up an order of a certain age and flexibility
budget. In formulations fill rates at the LWs are taken into account and analyzed by
Markov Chain Model. Their analysis yield good approximations for service levels and

cost.

Caglar et a. (2004) examine Hopp's (1999) study with minor differences in a multi-
item two-echelon system subject to average response time at each demand location.
They use response time as a service constraint to minimize the system-wide inventory
cost and show more effective solution than Hopp (1999). As a service constraint,
response time, which is the average time it takes a customer to receive a spare part after
a failure is used and during the solution response times are tired to maintain below a
given threshold. In order to minimize total system investment, they use a mathematical
approach, which is based on Lagrangian decomposition. Their heuristics perform well

in large-scale problems.

Caggiano et al. (2009) suggest an optimization procedure in a multi-item, multi-echelon
system with time-based customer service levels. In their model service level
requirements are represented by channel fill rates which are the probabilities of
incoming demands for a specific item at a specific location can be fulfilled within a
specific period of time. They emphasis the importance of channel fill rates in time-based
customer service agreements. Their mathematicad model provides near-optimal
solutions to the large-scale problems within a short time.
16



3. MODELS

The maor goa of this master thesis is to present how managerial decisions affect
inventory control systems of spare parts and their investments. Various reasons can
affect in preference of inventory management style as explained previously. In practice,
most of the companies prefer to manage their inventories as individual departments,
which lead to high holding costs and waste of majority of inventory investment.
Therefore this study will focus on effects of centralized and decentralized managerial

decision making processes.

Two different inventory control models are considered. These models adopt different
time-weighted performance measures. Asit is known providing customer service is the
primary function of the inventories that must be taken into account while assigning
performance measures to the models. Both models deal with LW stock out situations,
where CW stock outs situations only taken into account according to their influence on
LWs.

In Model-1; a two-echelon, multi-item inventory control model is considered with
regular resupply that is based on Sherbrooke’'s METRIC model (1968), only reparability
excluded. In Model-2, as same as the first model, a two-echelon, multi-item control
model is considered. In addition to regular resupplies, this time direct emergency
shipments are alowed. Both models include decentralized versions with greedy
algorithms so as to compare with centralized versions. Detailed information about
model parameters, assumptions and objective functions will be given in the subsequent

sections.

3.1 SPARE PART DEMAND

The demands of spare parts mostly depend on the output of preventive and predictive
maintenance activities, and it is typicaly calculated based on mean time failure rates.

Sudden unexpected breakdowns that can be caused by wrong operation of machines or
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missing a routine maintenance activity lead to a demand with no foreseeable. In
practice, some industries include thousands of types of spare parts. Among all these
variety, some parts fail or are needed more frequent than the others, which might have
not been broken since 2 or 3 years. Therefore, it is a difficult and complex problem to
figure out where demands are very low and costs are relatively very high, even the
economic order quantity (EOQ) of spare partsis close to one (Sherbrooke, 2004, p.47).

Demand distributions of spare parts are crucial to inventory controlling models. In order
to understand the behavior of spare part demand or failure rate and to reflect this
behavior to the controlling models, a lot of research has been done. Common
acceptance is that spare part failure follows a Poisson process (Muckstadt, 1973;
Alfredsson & Verrijdt, 1999; Kukreja et al., 2001; Rustenburg et al., 2001; Caglar et al.,
2004; Wong et al., 2006; Caggiano et a., 2009).

3.2 CONTROL POLICIES

As a consequence of spare parts nature, (s-1,S) continuous review policy is appropriate
for both models. (s-1,s) policy aso named as one-for-one replenishment, indicates that
the inventory position drops to s-1, an order must be replaced for s units. Therefore,
reorder point of this control policy is s-1 units. When a (s-1,) policy is followed, an
order is placed immediately whenever a demand occurs for one or more units of an
item. It is widely used control policy in literature (Sherbrooke, 1968; Muckstadt, 1973;
Muckstadt & Thomas, 1980; Graves, 1985; Sherbrooke, 1986; Dhakar et al., 1994;
Verrijdt et al., 1998; Alfredsson & Verrijdt, 1999).

3.3 COsST

Since repair service is excluded in both models, regular resupply transportation cost and
repair costs are ignored. In Model-1 in which the model minimizes expected backorders

subject to inventory investment, item holding cost is used. Let Ci'; denote the inventory
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holding cost for item i at LW jforiel, je N. Then inventory holding cost for item i

alLW jis

34

1

=
o

© 0o N o gk~ W DN

Ci=cs; Viel,jeN (3.1)

Ci' - Inventory s holding cost for item i at LW j
Ci: Priceof itemi

S : Base stock level of itemiat LW jforiel, jeN

ASSUMPTIONS
As aforementioned, (s-1,s) inventory control policy is appropriate for every item
in both echelons.
Emergency transportation costs and times are equal for each item.
Transportation costs for regular replenishment are ignored.
Condemnation is ignored.
As demand distribution Poisson processis assumed in both models.
Time and cost of repair service both in CW and LW is excluded.
EXSisassumed to have ample supply capacity.
Ordering costs are assumed to be zero.
Lateral transshipments are not allowed in both models.
. In both models CW backorders are not explicitly considered. These backorders
are of interest only as they influence the LW’ s backorders.

11. All items are equally essential and critical for the management.

3.5

351

MODEL FORMULATIONS

Model-1

In Model-1 Sherbrooke’'s (1968) METRIC model is employed. METRIC is a
mathematical model of CW-LWs resupply system that minimizes expected backorders

at LWs subject to an inventory investment with a system approach. In multi-echelon

inventory control systems instead of system approach, item approach is a common
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practice where decisions on the number of spare parts units are made without
considering other items. However in system approach, al items are considered and
included in decision making process which enables decision maker (supply manager) to

choosein different cost-effective alternatives.

As aforementioned in Section 2, Sherbrooke (1968) developed METRIC modd for US
Air Force where the total spare part inventory investment that approximately 5 billion
dollars. He suggests a practical and efficient method which calculates optimal stock
levels and distributions, also presents cost-effectiveness tradeoff for a large group of
items. (Sherbrooke, 1968, pp.122-24).

Sherbrooke (1968) developed METRIC theory in two steps that are given below. Also
detailed solution procedure of Model-1 and calcul ations parameters of the model will be

givenin Section 4.1.

1. Optimal alocation of stock levels between several LWsand CW.
2. Combining al itemsin the system by using marginal analysis.

Model-1 is considered as a two-echelon, multi-item inventory control system with (s
1,s) and continuous review policy which performs only normal replenishments, where
emergency shipments are not allowed. Parameters that are used in Model-1 are given in
Table 3.1.
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Table3.1: Parametersof Model-1

Input Parameters

o Price of item i
t; Time to travel between CW and LW j
T Mean replenishment lead time of itemi at CW by EXS
Ao Daily demand rate of item i at CW
A Daily demand rate of item i at LW j
K Total inventory investment
Variables
EBO,(s,) Expected backorder at CW
EBOj (S SJ-) Expected backorder at LW j
X Number of demands in pipeline random at atime
Tij Mean replenishment lead time of itemi at LW by CW
Output Parameters
EBO;(sy,S;) | Expected backorder at LW j
S Stock level of itemiat LW jfor iel, je N

ij

Objective function of Model-1 can be given as;

min Y EBO;(s,.s;)

jeN-0

subject to

> Y cs; <K

iel jeN

YA U{O}
where
) e,gﬂ.T,-i(sio) (&_Ti_ (Si ))x
EBOJ'(SO'SJ):;X_SHH X—Sij) X!J j \7i0
EBO, (s,
i (S0)=t; + /{)( :

Viel, jeN

Viel,jeN

Viel, jeN

Yiel,jeN

3.2)

(3.3

(3.4)

(35)

As can be seen from objective function expected backorder level of LW is depended to

expected backorder level of CW. Because expected delay that originate from CW

effects replenishment lead time of LW, T, (s;, ). For thisreason in Model-1 firstly CW's
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expected backorder level that depends on CW'’s stock, EBO, (so), is calculated Then

according to the expected delay of CW, expected backorder level of LW j, EBO, (s,.s, )

is calculated for each LW in the inventory system. As can be seenin Table 3.1, Model-1
gives total expected backorder level of LW j and stock levels of each item in the system

as outputs.

3.5.1.1 Demand fulfillment process of model-1

In Model-1 that a demand for a particular item is fulfilled by LW if there is stock on
hand available in LW. If the demanded item is not available or if there is no available
ready-for-use part in the LW’s stock, it is backordered in that LW. LW waits for
replenishment from CW. In a similar way, CW replaces LW’s orders either directly
from its stock or demand is backordered in CW. CW will order replenishment from an
EXS. As it can be seen where in both echelons backordering is allowed while
emergency shipments are not. Resupply network of Model-1 can be seen in the

following.

Model-1

EXS

Plant

s ~ \\ //’ \\
™S A .
- . S .
( LW ) ( LW )
. e . S
. yd ™. /
\\ y \\ /
e S~
/,4l_\ v
( Replenishment ( Replenishment \‘
from stock

N Vi from stock //

N " i /

Figure3.1: Resupply network of Model-1
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352 Modd-2

Model-2 deals with a two-echelon, multi item inventory control system with (s-1,9)
continuous review policy. As well as the regular replenishments, this model also
performs two types of emergency shipments which are direct shipment from CW or
EXS. Mode-2 is considered as a mathematical model which minimizes inventory
investment subject to a waiting time constraint. Waiting time refers to the time that is
needed to satisfy customer demand. Model is alocating stocks optimally according to

the given waiting time target.

Similar model is used by Muckstadt and Thomas (1980) and Hausman and Erkip (1994)
as explained in detalls in Section 2. Their model assumes that whenever a demand
occurs at LW and LW has no stock ready-to-use, an emergency order is placed. They

calculated service levels and total costs by using an approximate method.

Objective function of Model-2 can be given as,

minZ(Zcisij - C;M] (36)

iel \_jeN jeN-0
subject to
ﬂflj target H
Z —EWTU. SWTj 9 VjeN-0 (3.7)
iel Z|ﬂ/”
SijeZ+u{0} Viel, jeN
where
EWTij =,Bij.0+t9ij.tjEMl+7/ij.tjEM2 Viel, jeN (3.8
CijEM =ﬂ,”-.t9ij.cijEMl+llj.}/ij.CijEM2 Viel,jeN (3.9)

Input-output parameters and variables of Model-2 that are displayed in objective

function above can be seen in Table 3.2 with definitions.
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Table3.2: Input and output parameters of Model-2

Input Parameters

o Price of item i

Timeto travel between CW and LWs

Mean replenishment lead time of itemi at CW by EXS

ti
T,
Ao Daily demand rate of item i at CW
A Daily demand rate of item i at LW j

EM1 Average direct shipment cost of LW by CW for all itemii

C. Average direct shipment cost of LW by EXSfor al itemi

WT, % | Target waiting time of LW j

™' | Average direct shipment time between CW and LW j for all item i

tjEM 2 Average direct shipment time between EXSand LW j for all item i
Variables

EWT,; | Expected waitingtimeof itemiat LW jforiel,jeN

CijE'vI Total emergency direct shipment cost of itemi at LW j

B, Probability of CW fulfills demand of item i

ﬁij Probability of LW fulfills demand of item i

6, Probability of direct shipment from CW to LW j

Yij Probability of direct shipment from EXSto LW j

Output Parameters

EWT,; | Expected waitingtimeof itemia LW jforiel, je N

Si Stock level of itemia LW jforiel, je N

In similar way with Model-1; expected delay of CW effects expected waiting time of
LW j. Because in replenishment lead time calculation of LW expected delay that is
originated from CW isincluded.

Model alocates each item that minimizes total system cost and achieves waiting time
target. By applying marginal analysisit decides which item to stock and according to its
margina vaue item is selected. Then Model-2 compares system’s total waiting time

with target waiting time after adding this selected item into stock.
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Sincein case of stock out, backordering at LW is not allowed, emergency orders will be
placed. For this reason, model employs two different emergency direct shipments, CW

to LW and EXSto LW. These direct shipments have different costs which are ¢;"* and

c;"?, respectively. Since in this study fixed ordering costs are ignored, emergency

direct shipment costs include transportation charges. Also Mode-2 assumes that
emergency resupply times are equal for every item, which are t™* and t;?, such that

t;EMl<tjEM2.

Expected waiting time is calculated from occurrence probabilities of emergency direct
shipments and average direct shipment times between locations. When LW has the
demanded item i in its own stock, customer demand is satisfied immediately which
means expected waiting time of that item is zero. Probability of an emergency order is

multiplied by average direct shipment time.

3.5.2.1 Demand fulfillment process of Model-2

In Model-2 an incoming demand is fulfilled by LW, if the item that is requested is
available in stock. If the requested item is not in the stock, then CW makes a direct
shipment to the LW, if it has the demanded part in its stock. If CW has not got ready-
to-use item in stock, then EXS makes a direct shipment to LW. Because of this

fulfillment procedure, backordering in not allowed in LWs, but exist in CW.
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4. SOLUTION PROCEDURES

Two types of solution procedures which give approximate results are employed in this
section. Firstly, before mentioned models solutions will be explained. Then greedy
procedures for each model will be applied in order to show how centralized and
decentralized inventory management approach effects inventory control. Assumptions
are given in Section 3.4 that are assumed in order to obtain computational advantage.

41 SOLUTION PROCEDURE FOR MODEL-1

As described in 3.5.1 section in Model-1, METRIC model (Sherbrooke, 1968) is
utilized. METRIC mode begins with calculating expected backorders at CW which is
going to affect LW’ s backorders by causing a delay.

First average demand at the CW is caculated from Equation 4.1. As can be seen
average demand of CW is the sum of demands of each LW. Then the average lead time
demand is calculated. The term pipeline will be used though to study to denote the
number of units of an item being resupplied to a warehouse from a higher echelon.
Pipeline can be measured at any point in time by counting the number of units in

resupply. CW’ pipelineis calculated from Equation 4.2.

ho=2 41)

]

oo

Hio = %iolio (4.2)

In order to compute expected delay at the LW, firstly expected backorder of CW is
calculated. As it is assumed that failure rates (demand) are given by a Poisson process,
the expected number of LW resupply request, which are outstanding at CW at a random
point in time (Sherbrooke, 2004, p.49), is calculated asin Equation 4.3.
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(4.3)

In order to calculate expected backorder of LW, replenishment lead time that is effected
by the delay of CW is calculated with Equation 4.4. Expected delay of CW is calculated
according to Little’'s Law. Then pipeline of each item of LW is calculated according to
Equation 4.5.

T (Si0) =t; "‘%(Sm) (4.4)

:uu = ﬂ’leij (SiO) (45)

Then expected backorder of LW is computed as in Equation 4.6.

X

EBO, (Sio,su):z i (X_Sij)e_ﬂﬁﬂj(sm)M (4.6)

iel x=s;+1 x!

After computing expected backorder level of each LW, the model performs marginal
analysis in order to set optimal stock levels subject to the given budget, given as
inventory investment. In margina analysis step, METRIC model decides which item to
keep in which location. The decision of whether to hold stocks of item i at CW or not,
directly affects the system performance. Because while computing LW lead time and
LW expected backorder, CW’s expected delay is used. Not having stock at CW will
cause higher delay at LW, and as aresult, lead time of LW will increase so as expected
backorder at LW. Expected backorder of LW will be affected naturally by the decision
to keep or not stocks at LW. For some items with very low failure rates, that has not
been broken or failed since last three or four years, LW prefers not to hold stock of that
slow moving item because of high holding cost. In this kind of situation CW step in to

support LW. As a consequence of these effects margina analysis is crucia to share
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stocks among LW and CW, which METRIC model performs efficiently. This stock
sharing will be examined during the study in centralized and decentralized management

approaches.

A margina analysis example can be seen in Table 4.1. In this example, Model-1 is
applied to CW-LW scenario for 10 itemsin order to demonstrate how it works. For ten
items and a given budget (10000 €) the analysis performed 16 iteration and finished the
given budget by sharing among CW and LW. In each iteration of the algorithm in order
to determine next item that should be bought, only one number of each item is
considered. The margina value that is given in the last column of Table 4.1 provides al
the information necessary for each item, which includes expected backorder reduction
and item cost. In highlighted cells, each selected item that minimizes expected
backorder in each iteration is given. In the fina step algorithm finishes allocating
inventory investment among CW and LW. Thereis an unspent amount left in the budget
because all item prices are higher than 17 Euros.
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Table4.1: Marginal analysis example with CW-LW scenario for 10 items and 10000 € given inventory investment

Item,
location Tota Marginal
combination Sio [ S20 | S30 | Sa0 | Sso | Seo | S70 | Seo | S0 | S100 | S11 | S12 | S13 | Sia | S1s | S | S17 | S8 | Sio | Suo | CoSt, € Expected Value
Backorder

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 42,61626372

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 |179,3000031 | 41,84318135 | 0,00431167
2 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 |358,6000061 | 40,615106 |0,004115398
3 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 1 0 |537,9000244 | 40,06546937 | 0,002157996
4 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 1 1 | 571,6000366 | 39,99761297 | 0,002013543
5 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 1 1 |605,3000488 | 39,93377326 | 0,001824004
6 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 1 1 1 [1710,300049 | 38,93454288 | 0,000904281
7 0 0 0 0 0 0 0 1 2 1 0 0 0 0 0 0 0 1 1 1 |2815,300049 | 36,93891549 | 0,000903586
8 0 0 0 0 0 0 0 2 2 1 0 0 0 0 0 0 0 1 1 1 |3920,300049 | 34,96535328 | 0,000894595
9 0 0 0 0 0 0 0 2 2 1 0 0 0 0 0 0 0 2 1 1 |5025,299805 | 33,99981504 | 0,00087379
10 0 0 0 0 0 0 0 3 2 1 0 0 0 0 0 0 0 2 1 1 [6130,299805 | 32,13741458 | 0,000865462
11 0 0 0 0 0 0 0 3 3 1 0 0 0 0 0 0 0 2 1 1 [6309,599609 | 31,94818103 | 0,000847516
12 0 0 0 0 0 0 0 4 3 1 0 0 0 0 0 0 0 2 1 1 | 7414,599609 | 30,27239055 | 0,000802531
13 0 0 0 0 0 0 0 5 3 1 0 0 0 0 0 0 0 2 1 1 |8519,599609 | 28,88480266 | 0,000700574
14 0 0 0 0 0 0 0 6 3 1 0 0 0 0 0 0 0 2 1 1 [9624,599609 | 27,84358171 | 0,000568429
15 0 0 0 0 0 0 0 6 4 1 0 0 0 0 0 0 0 2 1 1 19803,899414 | 27,78863921 | 0,000262604
16 0 0 0 0 0 0 0 6 5 1 0 0 0 0 0 0 0 2 1 1 ]9983,199219 | 27,77495925 | 6,68055E-05
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411 Modd-1Centralized

Model-1 centralized version follows the solution procedure that has given in the
preceding section. As explained before, Model-1 firstly calculates the expected
backorder level of CW, in order to obtain expected delay of CW on LW which is
calculated according to the Little's Law. Then, by inserting CW’s expected delay to
LW’ slead time and pipeline, the expected backorder of LW’ s are computed. After these
computations the program starts to allocate stocks item by item according to a budget
constraint. Thus, the model performs a marginal analysis, where it is seek for the item
which reduces expected backorders more than other items. Marginal analysis agorithm
examines each item to stock in which location. As mentioned in the previous section, it
examines each item’s effect on expected backorder of LW by computing marginal
value. Margina vaue is calculated by dividing expected back order reduction of each
item-location combination to item cost. This shows the increase in system effectiveness
per investment obtained when an additional unit of that item is selected to stock. The
combination that has highest margina value is chosen and the stock level of that
combination is increased by one. The model keeps alocating stocks till the entire
budget is spent. When algorithm selects an item, it compares current total amount of
budget with given budget. If current amount exceeds the given budget constraint, than
algorithm exclude that item, continue on the next one.

In order to sum up solution procedure of Model-1 centralized, pseudo code is given

below. By analyzing item-location combinations, model suggests a centralized solution.
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Initialize s; <~ 0 VielandjeN

TC « z z CiSij
iel jeN
~4iTi (Sio) MX

EBO, (50.5,) < 2 O (x-5,)e X!

iel x=s;+1
While TC <K
Foreachieland je N
S < S +1
TC « > > cs;
iel jeN

T

3 AT (50)'
EBO;(SiO’Sij)eZ Z (X—sij)eﬂiﬂj(sﬁo)w

iel x=s;+1
AEBO, « EBO, — EBO)
ATC «TC'-TC
AEBO,
ry
ATC
(i"3") < argmax; ; {r; ;|

S, .=6S,.+1
1,] 1,])

Endwhile
OUTPUT : s; and EBO;

41.2 Moded-1 Decentralized.

In Model-1 decentralized version, both CW and LW perform same stock allocation

procedure as Model-1 centralized version but separately this time. In this model, CW

and LW are thought as separate departments, which have different budgets and service

performance targets. Basic idea of this greedy algorithm is, firstly, to alocate a given

total inventory investment, say as budget, separately to the locations (to CW and to N

number of LWSs). Then each of the location sets stocks as if they are independent

departments. Both of them perform marginal analysis that is explained in previous

sections in order to determine optimal stock levels. In results section, different budget

shares will be given to CW and LW, and then results will be compared with Model-1

centralized version. Pseudo code of greedy algorithm is given in the following.
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Initialize s,;,s; andar < 0 VielandjeN, o« {01}
TCo DD CiS;
iel jeN

—Ziolio (ﬂ, Tlo)x

EBO, (50)« Y S (x=5, s

iel x=s;0+1
WhileTC, <aK
For eachi e |
Sip < Sio+1
TCy « 2GS

iel
EBO Sio (—Z Z X Sio i.oTo (ﬂ'x-ll—lo)

iel x=sp+1

AEBO, «- EBO, — EBO;
ATC, «TC,—-TC,
. AEBO,
ATC,
(i*,O*)eargmaxi’o{riyo}
S5 < Sy +1
Endwhile
OUTPUT : s,, and EBO,
VielandjeN
WhileTC; <(1-a)K
Foreachieland jeN
§; <8 +1

TC| « chisu

iel jeN

EBO;; (S10:;) < > z (x—s, )e "m0 (/%Tijx('sio))x

iel x= s +1
AEBO; «- EBO, - EBOJT
ATC, «TC! -TC,
AEBO;
o ———"
' ATC,

]
(")) < argmax, {1}
S: ¢ < S +1
Endwhile

a < a+0,05
OUTPUT : s; and EBO;
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4.2 SOLUTION PROCEDURE FOR MODEL-2

Outline of Model-2 is explained in Section 3.5.2. In order to reflect CW effects to the
LWs, this model firstly considers CW calculations. In initial step, the model calculates
expected delay that is originated from CW with the same procedure used in Model-1.
However same equations are given again, in order to follow easily. Average total
demand and pipeline equations are given in Equation 4.7 and 4.8, respectively.

N
ho=4, @
j=1
Hio = 4ioTio (4.8)
. — AT, (ﬂf.oTio)X
EBOO(SiO)ZZ Z (x—s,)e ol X (4.9)
iel x=s;q+1 .

In order to obtain average delay on LW that is originated from CW, expected backorder
of CW is calculated according to Equation 4.9. Then, the average CW delay is
calculated form Little's Law with Equation 4.10;

EWT,, = %(S‘O) (4.10)

i0

Steady state probability for CW can be calculated as follows, where x is an integer and
representing the number of parts in replenishment (resupply). S, denotes the

probability of CW can meet a demand from its own stock.

_ LS oTio (ﬂf.oTio)x
Bio _Zze ’ Xl (4.11)

icl x=0 X



After computation of CW expected delay, LW calculations will be done. CW’ s expected
delay has a direct effect on LW’s lead time so as LW pipeline. These variables are
depended to average CW'’ s delay as can be seen from Equation 4.10.

As explained in section 3.5.2.1, backordering at LWs are not allowed because in any
stock out situation an emergency shipment is preformed. With the expected delay of
CW, lead time of LW for each item i can be calculated as follows;

T, (s0)=t; + EWT, (4.12)

The pipeline of LW consists of due ins (DI) from resupply, in other words the number
of itemsin resupply is calculated from;

Hy = 2T (Si0) (4.13)

ij

The probability of LW meeting a demand from its own stock can be calculated by using
Erlang Loss Probability. Then,

"
L(c,p)=—2C— (4.14)
U

In Equation 4.14; L(c, p) denotes probability where ¢ denotes stock levelsin LW, s,
and p denotes pipeline of the LW, ;. As for that the probability of LW can meet a

demand from its own stock is;

B; =1-L(c, p) (4.15)
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In final step; emergency shipment probabilities are calculated. For iel,jeN let 6

denotes the fraction of demand for item i met by direct shipment from CW to LW j and

7; denotes the fraction of demand for item i met by direct shipment from EXSto LW j.

Then,
65 =Bo(1-5;) (4.16)

Vi = (1_ :Bio)(l_ ﬂij) (4.17)

421 Modd-2 Centralized

Model-2 centralized version follows the solution procedure that is given in preceding
section. The model firstly calculates the expected backorder of CW, in order to compute
expected delay on LW that is caused by CW according to the Little's Law. Then by
inserting CW’s delay to LW’s lead time and pipeline, probability that LW can meet a
demand from its own stock is calculated by Erlang Loss Probability equation.
According to CW and LW steady state probabilities calculations, emergency direct
shipments probabilities are cal cul ated.

As mentioned section Model-23.5.2, model firstly alocates stocks that minimize total
inventory cost. In each step of cost analysis, model selects the item that gives maximum
reduction in total cost. Then in some point where total cost no longer minimized, model
performs a margina analysis, where it is seek for the item which reduces expected
waiting time more than other items. The item which gives the lower marginal value is
chosen. Pseudo code of Model-2 centralized is given below.
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Initialize s; <~ 0 Vieland jeN

ey Tes s ¥

iel \_jeN jeN-0
WhileATC(0
Foreachieland jeN -0
S;j < S +1
TC'<—Z Zcisij+ Z CJEM
iel \_jeN jeN-0
ATC «TC-TC’
T; «~— ATC
(i*, j*)<—argmini’j{ri,j}
si*’jk <—sw +1
Endwhile
Initia]izeWTj‘a’ge‘

A
EWT, < < EWT,

2%

iel
WhileEWT; sWTJ.“"“"Et
Foreachieland jeN -0
S;j < S +1

b A
EWT,' « %‘,/1.,- EWT,
AEWT; « EWT, — EWT;/
I, < AEWT,
(i"0") < agmin, {r,
S: ;<8 ;+1
Endwhile
OUTPUT : s; andTC

422 Modd-2 Decentralized

Decentralized version of Model-2 follows the same solution procedure with Model-2
but again separately as CW and LW are individua departments. Recall objective

function of Model-2, to allocate stocks optimally subject to a waiting time constraint
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that is decided according to the management service performance target. As can be
seen, there is not any budget to share in order to emphasize centralized-decentralized
management style like Model-1. Therefore as individua departments would do, they
will have different service targets. For this reason CW sets its stocks optimally
according to its waiting time target. Also same procedure is applied to the LW with
another waiting time target. Both CW and LW perform marginal analysis in order to
allocate stock optimally, the item which gives the lower marginal value is chosen. Also

Model-2 decentralized pseudo codeis given below.
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Initialize s,, « Oand a <1 Vieland jeN,a « {1,leadCW }

TC« > > ¢Sy

iel jeN

WhileATC(0
Foreachieland jeN
Sip < Sip+1

TC' <> > ¢Sy

icl jeN
ATC «TC-TC’
I, < ATC
(") < argmin,, {r,,}
S: ¢ < Si g +1
Endwhile
Initialize WT,*%*
WT,¥% « aLeadCW
Ao

2o

iel
WhileEWT,, <WT, ¥
Foreachieland jeN
Sig < Sio+1

EWT,, <

EBO,,

EWT,, <« 4o

2 Ao

iel
AEWT,y < EWT,, — EWT,,
I, < AEWT,,

(i",0) «argmin; ; {r,o}

EBO,,

!

S: g < S g+l
Endwhile
o<« a+0,05
OUTPUT : s,
Initialize s; «<- 0 Vieland jeN

ce 3 Fose ¥ e |

iel \_jeN jeN-0

WhileATC(0
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Foreachieland jeN -0

S;; < S +1

TC'<—Z Zcisij+ Z c:
iel \_jeN jeN-0

ATC «TC-TC'

T; «— ATC

(i".1") < argmin  {r |
S < S ¢ +1
Endwhile
Initialize WT; %

A
EWT, < ———EWT,
B
iel jeN
WhileEWT, <WT;**
Foreachieland jeN -0
§; < 5;+1
' A
EWT, < —=<—EWT,
PIPIT
iel jeN
AEWT; < EWT; —EWT/
I, < AEWT;
(i",§") «argming; {r;;}
So < Sy +1
Endwhile
OUTPUT : s; andTC

|
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Both centralized and decentralized solution graphics are given below. Detailed
explanations are given relevant to each graphic. Both centralized and decentralized

versions of the models are written in Microsoft Visual Basic Program. General view of

5. RESULTS

both programs that written in VBA are given below.

A B ¢ | Db F G H 1

o | | |

T cost CWw

2 g 98515| 65 Stock Allocator N x|

3 2 9809,1 65

43 9724,1| &5 Budget Budget Limit: it

> S 63,7 65 Theration | 100000 | e

b 5 9626,2 B5 R

7 00 6 — Warehouse Type

B 7 §595,3 B5

| 8 9574 6| 65 Ccwonly ™ CWandlws © Lws Only

10 9 93746 B5

111 10 9308,1 65 — EBO Output

12/ 11 ] 92019 &5 & Total v

13 © 12 9261,8 B5

14 15 g1BR G B5

15| 14 9150 6 65 [T EBO Output  (disabled in iteration modes)

16 | 15 8la4 6 65

17 | 16 5058,5 B5 EGC&

1B | IF 9038.9 B5 AE ' te

19| 18 9025,2 65

200 19 9024,2 65

21 M 9017.8 B5

22 R o008, 2 B5

Figure5.1: Model-1VBA view
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Waiting
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Total Cost Time
16.030 3,0
e x4
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Figure5.2: Mode-2 VBA view

5.1 EXPLANATION OF DATA USED

In this study 200 real life company spare part datais used. The company is a supplier of
lithography systems for semiconductor computer chip manufacturers all over the world.
The prices of spare parts change between 100 and 100,000 Euros, and their failure rates
change between 0.0002 and 2 per year. As Sherbrooke (2004) said; spare parts tend to
be expensive, and the demand at a LW for any particular item tends to be low. The same
characteristics are observed in used data. In parallel with the same nature of parts, ten
different random data sets are created. Each of the set contains 200 items. The random
data set is generated in a way to follow the common intuition about spare parts that
cheaper parts have higher failure rates. To support this argument, when company data
examined is, it is seen that spare parts that are cheaper than 1500 Euros make up more
than half of the total failure rate. By applying a similar logic ten random data are created
such that the prices of spare parts are drawn from Uniform (1-10,000) Euro. The failure
rates of spare parts are generated from different uniform distributions depending on the
price of the spare part as explained in the following table. Average results of data sets

are compared with company data results and their consistency has been observed.
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Table5.1: Random data demand and cost setting

procedure
Item price Demand per year
range, € (Failurerate per year)
1-2500 10-01
2500-5000 0.1-0.001
5000-7500 0.001 - 0.00001
7500-10,000 0.00001 - 0.000001

52 MODEL-1CENTRALIZED AND DECENTRALIZED COMPARISON

In this section centralized and decentralized comparison will be made according to
different inventory scenarios which will be explained in detail under each section. In
order to compare such situations a greedy algorithm is used. As mentioned before CW
and LWs optimal stock levels and expected backorders are calculated according to
budget constraint. In greedy procedure, that budget constraint or say as inventory
investment is shared between CW and LW. For simplicity, the share percentage that is
used by one of the locations is caled alpha. Alpha takes values O to 1. For
computational simplicity, it is decided that when alpha is zero this implicates that the
entire budget (total inventory investment) goes directly to CW, LW uses none. The
exact opposite situation is applies for LW, when alpha value takes one entire budget is
taken by LW. In middle values they share total budget according to this policy, like
when apha takes 0.4 this means, 40 percent of total investment is used by CW where
LW uses 60 percent of it.

Centralized and decentralized solutions that are provided from a greedy algorithm will
be shown in graphics. Result graphics are given as percentages instead of actual
expected backorder levels. In each section company data and average random data set

results will be shown, respectively.
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521 CW-LW

In this section CW and only one LW are considered with different lead time values and
budgets. Lead times are shifted according to the actua industrial data's lead time

values. In Table 5.2 application scenarios are summarized.

Table5.2: CW-LW Scenario of Model-1

CW-LW Scenario To/t;;days
65/7
High
budget 250,000 € 30/40
Company 7165
1
Data 65/7
Low
budget 100,000 € 30/40
7165
65/7
High
budget 50,000 € 30/40
2 Average 7/65
Random Data 65/7
Low
budget 10,000 € 30/40
7165

5.2.1.1 Company dataresults

As mentioned before real life company data is used in addition to random data sets. In
Figure 5.3 given above, 65/7 replenishment lead times used for CW and LW,
respectively. As it is seen in this situation up to 0.4 apha values, centralized and
decentralized model are consistent with each other. In order words, if centralized
model’ s result is accepted as optimal value when CW takes 100 percent to 60 percent of
budget, it shows nearly optimal trend.



65/7

180,0
160,0
140,0 4
120,0 |
o 100,0 ————'AA
& 80,0

60,0
40,0 ammwCentralized EB!

20,0 Decentralized EBO
0,0

0 0,2 0,4 0,6 0,8 1
o

Figure5.3: Company data with 65/7 lead time/transportation
time and high budget

When alpha exceed 50 percent where each of the location (CW and LW) shares equally
allocated total budget, expected backorder values are increasing while LW is getting
bigger share. In the point where alpha value takes one, this means LW uses entire
budget. In Figure 5.3 results show that decentralized model deteriorates 64 percent than
centralized version when LW uses all budget. Decentralized version’s performance
gradually decreases while LW budget share increases. Thisresult reveas the insight that
if the duration of resupply time for CW is long and the transportation time between CW
and LW is short than alocating most of the budget to CW is preferable in a
decentralized setting. If CW budget is low, then the total average resupply lead time for
the LW is aso long which generates high backorder levels even if the budget allocated
for LW is high. Resupply lead time for CW plays a central role in the effect of different
budget alocations. Because of long resupply lead time, in decentralized version where
CW approximately takes entire budget 6 percent improvement can be observed. Low

budget version of Figure 5.3 is given below as Figure 5.4.
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Figure5.4: Company data with 65/7 lead time/transpor tation
time and low budget

Same trend with Figure 5.3 is observed when LW’ s budget share exceeds 50 percent of
total allocated budget. Again, like preceding graphic because of long resupply lead time,
in decentralized version where CW approximately takes entire budget 4 percent
improvement can be observed.

In low budget version when apha value gets one, decentralized version performance
deteriorates 28 percent. Because of high inventory investment and higher share of LW
Figure 5.3 performance decreases 64 percent which is clearly more than Figure 5.4. To
simply say, when budget allocated increases, the budget share of LW increases with
alpha process. When alpha takes nearly 1 which means LW has nearly 100 percent of
total budget, CW amost has no budget to allocate stocks for this reason no matter how
much stock LW takes, it fail to reduce expected backorders because of long resupply
time of CW. The expected backorder increase due to decentralized approach is less

when there is alower budget for the multi-echelon system.
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Figure5.5: Company data with 30/40 lead time/transportation
time and high budget

In Figure 5.5 resupply lead time of CW is decreased where transportation time between
CW and LW’s is increased. It can be seen that with different lead time-transportation
time combination previous decentralized trend has changed. When a pha value gets the
limit values zero and one, it is clear that performance of the system decreases. Limit
values refers to highest budget shares (When it is zero, CW’s budget share 100 percent.
When it is one, LW’s budget share is 100 percent). It can be clearly observed that
between 0.25-0.70 apha values decentralized model nearly optimal, in fact 1.5 percent
improvement of decentralized version can be seen between these alpha values. This
gives the insight that the performance of the decentralized system is not very sensitive
to the portion of budget allocated between CW and LW.

As stated in Figure 5.3 duration of replenishment lead times and transportation times
between locations have direct effect on system’s performance. Decentralized model’s
behavior is changing according to these durations. As can be seen in Figure 5.6,
durations almost approximate unlike 65/7 version, for this reason decentralized model
performance decrease in both limits apha points where locations get highest budget
shares.
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This result shows that in a multi echelon system where decentralized management
perspective is adopted for interdependent locations like CW and LW, when alocating
total inventory investment resupply lead time of CW and transportation time between
these locations must be taken into consideration. Once again in decentralized version

high inventory investment alienated from optimal condition approximately 40 percent.

1200 30/40
e Centralized EBO

115,0 Decentralized EBO |

110,0 —
(@)
2]
w

105,0

100,0 -*;

95,0 | |

0 0,2 0,4 0,6 0,8 1
o

Figure5.6 : Company data with 30/40 lead time/transportation
time and low budget

Highest improvement that yields to 2.8 percent achieved in 0.45 apha which refers to
55 percent budget share is used by CW while LW using 45 percent of it. Low budget
version showed more close results to optimal than high budget version. Performance of

decentralized low budget model decreases 15 percent considering high budget version.
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Figure5.7 : Company data with 7/65 lead time/transportation
time and high budget

When 7/65 replenishment |lead-transportation time used for CW and LW, respectively,
in Figure 5.7 decentralized trend shows that if LW has such along lead time, it will be
wise to alocate more stock to that LW. As can be seen when CW takes budget shares
between 100 percent and 35 percent of total budget, decentralized system performance
is much lower than centralized system. This means in such lead time situation where
LW’slead timeis extremely long, increasing LW’ s budget share is important becausein
order to decrease expected backorders LW needs to allocate more stocks. In the graphic
between 0.75-1 apha values decentralized model showed an optimal trend. Actualy,
Figure 5.7 has showed the exact opposite trend of Figure 5.3, which make sense because
of the replenishment lead time of CW and transportation time between CW and LW.

Figure 5.8 shows same trend with Figure 5.7. In order to emphasize improvement in
systems performance percentage display mode is chosen. However it is an inefficient
mode to highlight high-low budget option. For this reason real results of graphics will
be givenin Appendix A.1and A.2.
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Figure5.8: Company data with 7/65 lead time/transportation
time and low budget

5.2.1.2 Random dataresults

As mentioned before ten different data sets are created according to the nature of spare
parts, low demand rates and dramatically high costs. Asin section O, random data result
also examined one by one for CW-LW scenario of Model-1.

65/7

110,0
108,0
106,0
104,0
102,0
100,0
98,0 i i i i .
0 0,2 0,4 0,6 0,8 1
emmwCentralized EBO

em=wDecentralized EBO

Figure5.9: Random data with 65/7 lead time/transportation time
and high budget

Figure 5.9 has the same trend with the company data 65/7 version. In 0.3 alpha vaue
that refers to 70 percent budget share for CW, centralized and decentralized model has
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the same performance. Even 1.5 percent of improvement can be seen in decentralized
model at nearly zero aphavaue. Because of the long lead time of the CW, model tries
to allocate more stocks to CW in order to increase performance. As can be seen, when

LW gets entire budget, expected backorder reaches the highest value.

Same trend can be seen in Figure 5.10, which lower inventory investment has been
allocated. No matter how much is the total budget, as a consequence of 65/7 lead times,

decentralized model performs same principal.

65/7

104,0 /
103,0
102,0
101,0
100,0 W-*
99,0 ! i

0 0,2 0,4 0,6 0,8 1

es=m(Centralized EBO
Decentralized EBO

Figure5.10: Random data with 65/7 lead time/transpor tation
time and low budget

Both Figure 5.11 and Figure 5.12 have same pattern in decentralized model with
company data Figure 5.5 and Figure 5.6.

51



30/40

106,0
105,0
104,0 i
103,0 —
102,0 -
101,0 L
100,0 #h
99,0
98,0 ! !

0 0,2 0,4 0,6 0,8 1

e Centralized EBO
Decentralized EBO

Figure5.11: Random data with 30/40 lead time/transportation
time and high budget

Approximately, one percent performance improvement is provided. As before
mentioned because of percentage display, decrease in expected backorders according to
high-low budget allocation cannot be seen in graphic. However, it is well known that
both decentralized and centralized inventory system’'s performance increases as

expected backorders decreases with higher investment.

30/40

102,0 /
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101,0 - —
100,5 +
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99,5
99,0
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e==w(Centralized EBO
Decentralized EBO

Figure5.12: Random data with 30/40 lead time/transportation
time and low budget

As aresult of long replenishment lead time of LW decentralized model tend to perform

in same way both in company and random data.
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In Figure 5.13 and Figure 5.14 as previously mentioned decentralized model tries to
allocate stocks in LW in order to minimize expected backorders. In the point where LW
has entire budget decentralized model catches optimal trend. Centralized model’s
behavior is accepted as optimal behavior as explained in previous sections, theoretically
it has been proved that multi-echelon models performs better than single-echelon
adaptation models. In Figure 5.13, approximately one percent improvement has been

observed in decentralized model.

115,0
110,0 +
105,0
100,0 — —
95,0
0 0,2 0,4 0,6 0,8 1
e==»Centralized EBO
Decentralized EBO

Figure5.13: Random data with 7/65 lead time/transpor tation
time and high budget

High budget version of 7/65, CW replenishment lead time/ transportation time between
CW and LW, that is given below nearly 13 percent decrease in expected backorder level
is achieved where Figure 5.14, expected backorder level decreases only 5 percent. The
reason of the difference is amount of budget that has been allocated to system. When
system has high amount of budget, it has opportunity to decrease backorders. However,
because of the low budget alocation, model that is given in Figure 5.14 was able to

enhance system performance only 5 percent.
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Figure5.14: Random data with 7/65 lead time/transpor tation
time and low budget

522 CW-2LW

In this section CW and two identical LWSs are considered with different lead time values
and budgets. The reason of this scenario is to seek for effects on CW where its demand
doubled. As explained in solution procedure CW demand combines from total demand
of LWs. When there are multiple LWSs in inventory system, this can cause pooling in
CW which refers to holding more stock in CW in order to meet LW’ s orders.

LWs with identical demand rates and lead times are determined. As mentioned before
replenishment lead time and transportation time between CW and LW are shifted
according to the actua industrial data’s lead time values. In Table 5.3 application

scenarios are summarized.

In previous section, it is observed that random data results are consistent with real life
company data. For this reason random data graphics are not given in this section, they

can be seen in Appendix B.1 and B.2.



Table5.3: CW-2LW Scenario of Model-1

CW-2LW Scenario To /1, /1, days
65/7/7
High
budget 250,000 € 30/40/40
7/65/65
1 Company
Data 65/7/7
Low budget | 100,000 € 30/40/40
7/65/65
o 65/7/7
Hig
budget 50,000 € 30/40/40
2 Aver age 7/65/65
Random Data 65/7/7
Low budget | 10,000 € 30/40/40
7/65/65

5.2.2.1 Company dataresults

Recall the same 65/7 situation with former graphics. Long lead time of CW induces
expected delay of CW which influence directly LW’s lead time as well as expected
backorders in LW. That's why model tends to give higher budget share to the CW
instead of two LWs. As a consequence of sum of two LW’s demand, CW'’s tota
demand has doubled; this is a non-negligible fact that effects decentralized model in
Figure 5.15 and Figure 5.16. For this reason model catches optimal conditions between
0 and 0.2 alpha values where CW budgets has the 100 percent and 80 percent of the
total investment. Only a small amount of service improvement of decentralized model
achieved in 0.05 alpha value in both graphic. Performance of decentralized model
deteriorates from optimal condition about 0.4 alpha value where LWS' budget share
begins to increase. As aresult of long CW lead time highest decrease in performance is

achieved in 1 aphavaue where LWs get entire budget.

Figure 5.15 shows same trend with Figure 5.3 where 65/7 lead time/transportation
scenario in CW-LW is also used. Both in high and low budget graphics of CW-2LW
scenario because of two LWSs, expected backorders doubled compared to CW-LW. This
increase can be observed form exact numerical graphics. Total expected backorder

decrease in high budget version is higher than low budgets version.
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Figure5.15: Company data with 65/7/7 lead time/transportation
time and high budget

Figure 5.16 results are consistent with Figure 5.4 where low budget version of same
CW lead time/ transportation time between CW and LW is used.

65/7/7

125,0
120,0
115,0
110,0

o 105,0

& 100,0

95,0
90,0
85,0
80,0
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0 0,2 0,4 0,6 0,8 1
o

Figure5.16: Company data with 65/7/7 lead time/transportation
time and low budget

In Figure 5.17, between 0.25 and 0.60 alpha values wide range optimality is achieved.
The reason of this optimality with different budget shares is replenishment lead times
are amost approximate. Three percent improvement in decentralized model has been
observed.
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Figure5.17: Company data with 30/40/40 |lead
time/transportation time and high budget

In addition, Figure 5.18 nearly 4.5 percent improvement achieved in decentralized
model. High budget version is decreased expected backorders approximately 15 percent
where low budget allocated model only 1.5 percent. Recall that, high budget allocated
decentralized models are enhancing systems performance in wide range until they have
reached to the optimal alpha point. As mentioned before because of budget constraint

low budget inventory systems are not able to enhance their performance dramatically.

1as 30/40/40
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Decentralized EBO

Figure5.18: Company data with 30/40/40 lead
time/transportation time and low budget
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Since two identical LW’s is utilized, CW'’s total demand is increased, to be more
precise it is doubled. Expected backorders values approximately doubled in CW-2LW
scenarios compares to CW-LW scenarios, which can be seen in numeric graphics in
Appendix B.1. Decentralized model till tends to allocate higher budget share to the
LWSs because of lead time of CW and transportation time. Only 20 percent of total
budget will be enough for LWsin order to catch optimal condition, which is accepted as
centralized model solution where CW uses 80 percent of total budget. Necessity of high
budget share originates from long lead time and demand of LWs.

In Figure 5.19 replenishment lead time of CW is short compared to transportation time
between LW and CW. As aresult of this decentralized model behaved optimal in 0.8
alpha value where LWs get 80 percent of total inventory investment. Decentralized
model performance deteriorates approximately 60 percent from optimal condition say as
centralized model when CW gets entire budget. Direct effects of resupply lead time and
transportation time between locations are also displayed in this graphic.

7/65/65

170,0
160,0
150,0 ¢
140,0 —
o 130,0
& 120,0
110,0
100,0 I —————.  — .

90,0 @ (entralized EBO

80,0 Decentralized EBO

0 0,2 0,4 0,6 0,8 1
o

Figure5.19: Company data with 7/65/65 lead time/transportation
time and high budget

In Figure 5.20 same trend with Figure 5.19 can be seen. In low budget version
decentralized model performance in zero alpha value decreases 20 percent where high

budget version decreases approximately 60 percent.
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Figure5.20: Company data with 7/65/65 lead time/transportation
time and low budget

Also CW-2LW scenario applied to random data set which is combined from average
value of ten separate random data sets in order to provide consistency. Similar results
consistent with company data results that are presented in preceding sections have been
observed. In order to avoid repetition, graphics are not analyzed individually. They are
given in Appendix B.2.

53 MODEL-2CENTRALIZED AND DECENTRALIZED COMPARISON

In this section centralized and decentralized comparison will be made by adopting
Model-2's principals. Unlike Model-1, this model alocate stock levels according to a
given service performance target, waiting time, while minimizing total inventory
investment. Since single-echelon adaptation model and multi-echelon model cannot be
compared from different budget share alocations, different greedy agorithm is
designed.

Major purpose of this thesis is to compare inventory management styles in multi-
echelon systems. In practice, when a company adopts Model-2 decentralized version as
an inventory control policy, each inventory locations of this company will have
different service performance targets. Because they prefer to act as independent

departments. Since Model-2 utilizes waiting time target, both CW and LWs can have
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same or different waiting time targets. Having same or different target is not important
in such situation. The important point is that not having a jointly adopted target and not

cooperating to achieve it.

The locations that are interested in this study, CW and LWs are tending to act
independently while they are dependent because of various reasons as mentioned
earlier. However inventory investment is a bounding factor that pushes companies to
model their inventories as a centralized system. Misallocation and waste of excessive

inventory investment can cause serious damages to the company.

In order to represent centralized-decentralized management system in Model-2, a
greedy algorithm is designed. Algorithm calculates both CW and LW as an individua
department with different waiting time targets. But still mutual interaction preserved in

algorithm.

Centralized management in which CW and LW are managed together in order to
achieve a particular waiting time target is examined versus decentralized management
style in which both CW and LW has different waiting time targets.

For simplicity, apha value that refers to different waiting time targets of CW is
adopted. LW’ s waiting time target will not change during the calculations. In this model
for example, 0.2 alpha value refer to a waiting time target of CW that is 20 percent of
CW’s lead replenishment time, 1 apha value represent actual lead replenishment time
of CW. Graphics are drawn total system inventory cost versus apha vaues that

represents different CW waiting time targets.
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Solutions that are provided from a greedy algorithm are shown in graphics as
decentralized solutions. Result graphics of two hours waiting time target of LW with
company data and random data are given as percentages instead of actual total cost
values. Since consistency is observed in solutions, other scenarios are given as
combined graphics that displays actual cost values. In Appendix C.1, 2, 3 and 4
individual numerical graphics can be found.

In Model-2 CW-LW scenario is considered with company data 1,2 and 4 hours waiting
time target of LW. Because of computational difficulties random data only considered
with 2 hours waiting time target and 65/7 (CW lead time/ transportation time CW to
LW) scenario. In greedy solutions as mentioned before alpha values are representing
different waiting time target’s of CW which are determined according to certain
percentages of replenishment lead time of CW. In Table 5.4 applied scenarios are given.
Target waiting times, replenishment lead time values of CW and transportation time
between CW and LW are given for Model-2 applications can be seen in the table.

Table5.4: CW-LW of Model-2

CW-LW Scenario T, /1;;days
65/7
50/22
45/27
40/32
1 | Company 65/7
Data L 50122
2 hours waiti ng time target 45/27
40/32
65/7
50122
45/27
40/32

1 hours waiting time target

4 hours waiting time target

2 Rz:\jna(;igm 2 hours waiting time target 65/7

In Figure 5.21 centralized vs. decentralized graphic for 2 hours waiting time target of
LW with 65/7 (resupply time of CW / transportation time between CW and LW) is
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given. Unlike Model-1, this model minimizes inventory cost and allocates stocks
subject to a given waiting time target. In greedy solution say as decentralized solution,
each alpha point represents waiting time target of CW which acts as an independent
department. Comparisons will be made on whether having only one system target asin

centralized solution or having individual different targets.

Company Data 2 hours 65/7
108
106
104
. 102
8
100
98
emmm(Centralized TC
96 emmwDecentraliz FE
94
0 o1 02 03 04 O5 06 07 08 09 1
alpha

Figure5.21: Company data with 2 hourswaiting timetarget 65/7 CW
replenishment lead time/transportation time

Between 0 and 0.06 alpha values where CW has lower waiting time target,
decentralized model’s performance is 6.5 percent is lower than centralized model’s
performance. Because of lower target time and long replenishment lead time of CW
decentralized model tends to allocate more stocks. Therefore decentralized version
starts with highest total cost. The highest cost is achieved in apha where CW’ s waiting
time target nearly 1.3 days (approximately 32 hours). Then in 0.06 alpha where CW’s
target time approximately 4 days (94 hours), decentralized system shows 4 percent
improvement considering centralized model as the optimal solution. After 0.16 apha
value performance gradually decreases in decentralized solution (total cost gradualy
increases). It is difficult to determine interrelation between LW and CW targets from

graphics.
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However, effects of duration of lead time CW and transportation time between CW and
LW on system’'s behavior can be observed as in Moded-1 results. Decentralized
solutions behaves similar in both models, they tend to allocate more stocks in the

location that can cause longer delay.

In Figure 5.22 random data shows same trend as company data. Again same results
implies to this graphic. Duration of replenishment lead time of CW and short waiting
time target of CW effects decentralized system behavior. Similar trend with Figure 5.21

is observed.

Random Data 2 hours 65/7

112 [ | —LCentr alized TC
112 @b Decentralized TC
110
108
106
104
102
100

98

96

cost

0 o1 02 03 04 05 06 07 08 09 1

alpha

Figure5.22 : Random data with 2 hourswaiting time tar get 65/7 CW
replenishment lead time/transportation time

Unlike Model-1 results, it is difficult to interpret Model-2 results because of the
structure of model. Greedy solution that is applied in Model-2 decentralized version
shows reasonable trends in limit apha points (zero apha and 1 alpha points), however

in middle alpha pointsis effortful to comment on system’s behaviors.
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As stated before other solutions are given in combined graphics which includes
different CW replenishment lead time and transportation combinations. In Figure 5.23,
one hour waiting time target for LW is adopted with 65/7, 50/22, 45/27 and 40/32
replenishment lead time (CW’'s) and transportation time (between CW and LW)

combinations.

In each combination decentralized model’s behavior is consistent with each other. The
highest improvement in decentralized model (single-echelon adaptation model) is
achieved in 65/7 scenario where CW tends to allocate more stocks because of the
expected delay. Expected delay of CW can be higher between 0.06 and 0.16 apha
points because of long duration of resupply time and short waiting time target. Short
waiting time target in other words short response time to customers, al by itself is a
challenge for companies. These types of targets represent high service quality and they
are difficult to achieve because of various relevant or irrelevant reasons in the company.
S0, the reason of decentralized solutions behavior between 0-0.6 apha values can be

explained as the efforts that are made for achieving short service performance targets.
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Figure5.23: Company data with 1 hour waiting timetar get with different replenishment lead
time/transportation time combinations

After 0.3 alpha point decentralized models costs are gradualy increasing. Because
CW’s waiting time target is gradually approximating to its own lead time and
decentralized models tends to allocate more stocks in order to decrease LW’s waiting

time.
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Figure5.24: Company data with 2 hour waiting timetar get with different replenishment lead
time/transportation time combinations

Two hours waiting time target is applied to the company data, results can be seen in
Figure 5.24. Trends of decentralized models are similar with preceding graphic.
Centralized solutions are better than decentralized solutions after alpha value of 0.2.

As mentioned before, when CW has low waiting time target decentralized model tends
to allocate more stock in order to that achieve target. That behavior leads high costs in
each combination (replenishment lead time of CW/transportation time between CW and
LW) that can be seen firstly in graphic. Decentralized model showed increase in total
cost where CW has lower waiting time targets. Between alpha values of 0.6 and 11,

decentralized model of 65/7 performs well compared to centralized model.

In Figure 5.25 four hours waiting time target is used. Except 65/7 decentralized
solution, other decentralized solutions performances deteriorate compared to centralized
solutions. Only in 65/7 combination has small amount of service improvement can be

observed.
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Figure5.25: Company data with 4 hour waiting timetar get with different replenishment lead

time/transportation time combinations

As can be seen in preceding graphics, centralized solutions of each combination are

performed better than decentralized solutions. Only small amount of improvements are

achieved in some cases but it is difficult to interpret a genera behavior for the system

according to these solutions.

It is very complicated to set different targets for interdependent locations like CW and

LW while system’s behavior effects directly from durations of CW lead time and

transportation time. Model-2 is a complex model to apply individua service

performance targets. Because of computational challenges and interpretation difficulties

M odel-2 can be unfavorable.
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6. CONCLUSION

In multi-echelon spare part distribution systems each location has its own role in the
supply chain network. Such as, CW and LW have different roles in the network. CW
supposed to “fill the pipeline’” and support the LW (Hausman & Erkip, 1994, p.493).
Holding same stocks with high holding costs in different locations say as CW and LW
is not a desirable option in the company because of heavy holding costs.

Major concern of this study is to analyze centralized and decentralized management
behavior in multi-echelon systems in order to avoid waste and alocation of excessive
amount of inventory investments. Two models are presented in order to anayze
centralized and decentralized management perspectives.

Result of comparisons showed that lead replenishment time of CW and transportation
time of CW to LWs have direct effects on decentralized model behavior in both
examined models. Model’ s behavior changes according to duration. In order to increase

system performance models all ocate more stocks considering delays.

Also high amounts of investments needed in decentralized models in order to increase
service levels. In limited budget versions, decentralized models are failed to decrease
expected backorders. However in low budget limited versions decentralized models
displayed close behavior to centralized models. Numerical graphics showed that total
amount of increase in high budget allocated modelsis higher than low budget models.

The characteristics of spare parts are drawn attention to the importance of multi-echelon
models. It is unnecessary to hold stocks of expensive items that have very low demand
rates in every location in resupply system. These stocking decisions must be made for
all locations by a centralized management. The amount of savings from low-demanded

high cost items can be very high.
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In solution graphics where centralized versus decentralized behavior of the system are
shown, in some points decentralized model performance increased approximately 3
percent considering centralized model as optimal point. For further researches,
according to system characteristics a genera rule can be provided, while determining

optimal system behavior.

Decentralized management (single-echelon models adaptations) style is preferable by
companies because of the manageria and organizational simplicity. Generaly,
companies make trade-offs in this kind of situations, some can ignore considerable

savings from multi-echel on system control for managerial effortlessness.
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Appendix A.1 Model-1 CW-LW company data graphics
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Figure A.1: Company data 65/7 CW resupply lead time/ transportation time
with 250,000 € budget
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Figure A.2: Company data 30/40 CW resupply lead time/ transportation time
250,.000 € budget
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Figure A.3: Company data 7/65 CW resupply lead time/ transportation time
with 250,000 € budget
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Figure A.4: Company data 65/7 CW resupply lead time/ transportation time
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Figure A.6: Company data 7/65 CW resupply lead time/ transportation time
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Appendix A.2 Model-1 CW-LW random data graphics
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Figure A.7: Random data 65/7 CW resupply lead time/ transportation time
with 50,000 € budget
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Figure A.8: Random data 30/40 CW resupply lead time/ transportation time
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Figure A.9: Random data 7/65 CW resupply lead time/ transportation time
with 50,000 € budget
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Figure A.10: Random data 65/7 CW resupply lead time/ transportation time
with 10,000 € budget
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Figure A.11: Random data 30/40 CW resupply lead time/ transportation time
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Figure A.12: Random data 7/65 CW resupply lead time/ transportation time
with 10,000 € budget
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Appendix B.2 Model-1 CW-2LW company data graphics
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FigureB.1: Company data 65/7/7 CW resupply lead time/ transportation time
with 250,000 € budget
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FigureB.2: Company data 30/40/40 CW resupply lead time/ transportation
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FigureB.3: Company data 7/65/65 CW resupply lead time/ transportation time
with 250,000 € budget
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FigureB.4: Company data 65/7/7 CW resupply lead time/ transportation time
with 100,000 € budget
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FigureB.5: Company data 30/40/40 CW resupply lead time/
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Appendix B.2 Model-1 CW/2LW random data graphics
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Figure B.9: Random data 30/40/40 CW resupply lead time/ transportation
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Appendix C.1 Model-2 random data 2 hours graphic
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3.500.000

3.400.000 == Centralized TC

3.300.000 \ == Decentralized TC
5 3.200.000 \\ |
“ 3.100.000 ________,...—*"'""

3.000.000 \\ /7/

2.900.000 S— (=

2.800.000

0,00 0,20 0,40 0,60 0,80
alpha

FigureC.1: Random data with 2 hourswaiting timetarget 65/7 CW replenishment lead
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Appendix C.2 Model-2 company data 1 hour graphics
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Appendix C.3 Model-2 company data 2 hour graphics
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Appendix C.4 Model-2 company data 4 hour graphics
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Figure C.11: 4 hourswaiting time target 50/22 CW replenishment lead
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